Background Gallstone disease (GD) has been associated with low serum levels of plant sterols. We evaluated the impact of laparoscopic Roux-en-Y gastric bypass (LRYGB) and nonalcoholic fatty liver disease (NAFLD) on the association of GD with low levels of serum plant sterols. Methods Two hundred forty-two consecutive morbidly obese patients were recruited to this prospective study. Histological analysis of liver biopsy to diagnose NAFLD was performed. Bile sample was taken during the LRYGB. Associations of GD with serum non-cholesterol sterol to cholesterol ratios, measured using gas liquid chromatography and with mRNA expression of genes participating in the cholesterol, bile, and fatty acid metabolism in the liver, were analyzed. Results Out of the 242 participants, 95 had GD. Lower weight (p = 0.002) and female sex (p = 0.0006) were associated with GD. Serum plant sterols, campesterol (p = 0.003), sitosterol (p = 0.002), and avenasterol (p = 0.015), were lower in patients with GD compared to those without GD. This association remained significant after adjustment for NAFLD, use of statin medication, and previous laparoscopic cholecystectomy (LCC). Levels of sitosterol (p = 0.001) and campesterol (p = 0.001) remained lower in obese individuals with GD also after obesity surgery. Liver mRNA expression of genes regulating cholesterol synthesis and bile metabolism was increased in individuals with GD. Conclusions Serum plant sterols were lower in patients with GD independent of NAFLD, history of LCC, use of statin medication, and weight loss after LRYGB. Low serum plant sterols in patients with GD suggest potentially inherited alterations in sterol absorption and biliary transport in subjects susceptible for GD.
Introduction
The rising prevalence of gallstone disease (GD) in western countries has been associated with increasing prevalence of obesity. Other known risk factors are female gender, aging, metabolicsyndrome,andrapidweightloss [1] .Giventhe similar associations with obesity and dyslipidemia [2, 3] , it is not surprisingthatnon-alcoholicfattyliverdisease(NAFLD)and GD have both been associated with high incidence of cardiovascular disease (CVD) [4] . Accordingly, previous studies have shown that about 20 % of GD patients have NAFLD [5] [6] [7] [8] [9] and GD has been proposed to be an independent risk factor for NAFLD [10] .
It is not yet clear whether NAFLD is
Electronic supplementary material The online version of this article (doi:10.1007/s11695-016-2446-z) contains supplementary material, which is available to authorized users. a precursor of GD or whether the presence of GD possibly indicates the presence of long-standing features of metabolic syndrome that accelerates the progression of NAFLD [4] . For example, the mechanism leading to altered bile metabolism in NAFLD and GD may partially be shared [4, 9] . It has been shown that both GD and NAFLD associate with lower levels of plant sterols and higher levels of cholesterol precursors in serum [11, 12] .Finally,asignificantreductionintheincidence of symptomatic GD has been observed in patients using statin therapy blocking cholesterol synthesis [13] .
Both at the intestinal level and in the liver sterol, transporters regulate the transport of cholesterol and noncholesterol sterols. For example, Niemann-Pick C1-like 1 (NPC1L1) and ATP-binding cassette G5/8 (ABCG5/8) transport both cholesterol and plant sterols, e.g., sitosterol and campesterol [14] .Theyregulatetheamountofsterolsexcreted into bile [15, 16] and sterol uptake from the gut [15] . As plant sterols are not synthesized in the human body, their serum levels have been used to estimate the function of hepatic and intestinalcholesterol transporters [14] . Interestingly, variants in the ABCG5/8 transporters that associate with changes in sterol transport alsocontribute to cholesterol gallstone formation suggesting a common etiology [17] [18] [19] [20] .
It is not known whether the association between GD and low levels of serum plant sterols is explained by associated NAFLDandwhetherthisassociationpersistsafterweightloss known to change bile metabolism and risk of GD. Therefore, the aim of our study was to investigate if the lower levels of serumplantsterolsinobeseindividualswithGDareexplained by NAFLD. We also investigated if weight loss induced by laparoscopic Roux-en-Y gastric bypass (LRYGB) that is known to ameliorate NAFLD [21] and decrease absorption of sterols [22] changes this relationship. To this aim, we assessed serum and bile non-cholesterol sterols in obese patients with (n = 95) and without (n = 147) GD. Importantly, we also had liver histology available to diagnose NAFLD. We also analyzed the association between GD and the expression of genes regulating sterol and lipid metabolism in the liver.
Materials and Methods

Study Population
The patients accepted to obesity surgery at Kuopio University Hospital have been recruited to the Kuopio Obesity Surgery Study (KOBS) since 2005 [23] . All patients met the National Institutes of Health guidelines for bariatric surgery [24] . From May 2005 to November 2013, a total of 242 morbidly obese individuals (65 men and 177 women, 47.7 ± 8.5 years, BMI 43.4 ± 5.1 kg/m 2 ) were included to the KOBS. All patients were instructed to follow a very low calorie diet (VLCD) for 4-5 weeks with the aim to reach 10% weight loss preoperatively. Clinical characteristics, possible previous laparoscopic cholecystectomy (LCC), and the use of cholesterollowering medication were recorded (Supplementary Table 1 ).
The incidence of early and late postoperative complications after LRYGB was at the same level compared to international experiences (Supplementary Table 2 ). Ultrasound of the gallbladder was performed before the operation to diagnose GD [25] . The study was approved by the Ethics Committee of the Northern Savo Hospital District (54/ 2005, 104/2008 and 27/2010).
Laboratory Determinations
Plasma glucose was measured by enzymatic hexokinase photometric assay (Konelab Systems Reagents, Thermo Fischer Scientific, Vantaa, Finland). Glucose tolerance was classified according to the ADA criteria [26] using fasting values. Serum insulin was determined by immunoassay (ADVIA Centaur Insulin IRI, no 02,230,141, Siemens Medical Solutions Diagnostics, Tarrytown, NY). Cholesterol, HDL cholesterol, and triglyceride levels from serum were assayed by standard automated enzymatic methods (Roche Diagnostics, Mannheim, Germany).
Serum and Bile Non-Cholesterol Sterols
Non-cholesterol sterols in serum and bile were measured with gas liquid chromatography (GLC) on a 50-m capillary column (Ultra 2; Agilent Technologies, Wilmington, DE) using 5α-cholestane as the internal standard [27] . Serum cholesterol precursors squalene, cholestenol, desmosterol, and lathosterol reflect whole-body cholesterol synthesis, whereas serum cholestanol and plant sterols campesterol, sitosterol, and avenasterol reflect cholesterol absorption efficiency [28] . The non-cholesterol sterol values in serum and bile are given as ratios to cholesterol of the same GLC run (10 2 × mmol/mol of cholesterol).
Liver Biopsies and Bile Fluid Sample
Liver biopsies were obtained using Trucut needle (Radiplast AB, Uppsala, Sweden) or with the ultrasonic scissors during the elective LRYGB operation from all the patients participating in the KOBS study. The histological assessment of NAFLD was performed by one pathologist according to Brunt et al. [29] . Chronic hepatitis B and C were excluded using serology if ALT values were elevated prior to surgery. Hemochromatosis was excluded by the histological analysis of liver biopsies and by normal serum ferritin levels in subjects that had elevated serum ALT level. Bile fluid was taken transhepatically from the gallbladder with a fine needle aspiration during the operation.
Liver Gene Expression Using TruSeq-Targeted RNA Expression (TREx)
All liver samples for gene expression analysis were immediately frozen in liquid nitrogen. Total RNA from liver tissue was extracted using Tri-Reagent (Applied Biosystems (ABI) Foster City, CA, USA). TruSeq-Targeted RNA Expression (Illumina, San Diego, CA, USA) was used for measuring the gene expression levels of genes related to cholesterol, bile acid, and lipid metabolism (Supplementary Table 3 ) in the human liver according to instructions provided by the manufacturer using MiSeq system (Illumina). Total RNA (150 ng) was reverse-transcribed using the ProtoScript II Reverse Transcriptase (New England BioLabs). Oligo pool-targeted regions of interest were hybridized to complementary DNA (cDNA). Next, hybridized cDNA was extended by DNA polymerase followed by ligation using DNA ligase. The extension-ligation products were amplified with PCR, and AMPure XP beads (Beckman Coulter) were used to clean up the PCR products. Equal volumes of the products were pooled together and quantitated with DNA 1000 chip (Agilent Technologies). Finally, the pooled sample was diluted, denatured, and sequenced with MiSeq.
Statistical Analyses
Statistical analyses were performed using the SPSS statistical software for Windows (version 19.0, SPSS, Chicago, IL). Data are given as means ± SD and p < 0.05 was considered statistically significant. General linear model (GLM) univariate analyses were used to study the differences between the study groups (adjusted for sex, BMI, and use of statin, when appropriate) (Tables 1 and 2 and Supplementary Table 5) . Independent samples T test was used to compare the changes during the year after surgery between the study groups ( Table 2 ). In addition, paired samples T test was used to assess the significance of changes in response to obesity surgery (Supplementary Table 4 ). For the TREx analysis, the expression levels for each gene per sample in the gene panel were normalized based on the total number of aligned reads of the corresponding sample and the results are shown as percentage of total transcript reads. Independent samples T test was used to compare gene expression levels between the study groups (statin users were excluded from the analysis).
Results
Clinical characteristics of 242 individuals participating in this study are shown in Supplementary ). Forty percent had GD (n = 95) and 29% (n = 71) used statins before the operation. GD was more common among female patients (p = 0.0006) and associated with lower weight (p = 0.002) and total serum cholesterol (p = 0.018) ( Table 1) . We divided participants with GD further to those who had underwent LCC (n = 51) and to those who had not (n = 44) (flow chart in Fig. 1 ).
Serum Non-Cholesterol Sterols
First, we analyzed serum non-cholesterol sterol values before and 1 year after LRYGB in those with or without GD. Serum plant sterols campesterol (p = 0.003), sitosterol (p = 0.002), and avenasterol (p = 0.015) ratios to cholesterol were lower in patients with GD compared to those without GD ( Table 2 and Supplementary Fig. 1A ), and this association remained significantafteradjustmentforNAFLD(Table2).This difference remained significant 1 year after LRYGB for campesterol (p = 0.001) and for sitosterol (p = 0.001) but not for avenasterol ratios (p = 0.197) ( Table 2 and Supplementary Fig. 1B ). It is important to note that these differences in serum sitosterol and campesterol ratios remained after obesity surgery despite a significant decrease in both of these in response to surgery (Table 2) . Furthermore, use of statins did not affect the results (use of statins was adjusted for in Table 2 and Supplementary  Fig. 1 ). The levels of non-cholesterol sterol ratios were not affected by LCC (Fig. 2 and Supplementary Table 4 ). The only difference in cholesterol precursor ratios was higher lathosterol ratios in those with GD after surgery ( Table 2 and Supplementary Fig. 1B ).
Bile Non-Cholesterol Sterols and Liver mRNA Expression
The ratios of bile non-cholesterol sterols did not differ between those with and without GD (Supplementary Table 5 ). However, the liver expression of genes regulating cholesterol export(ABCG8),LDLuptake(PCSK9),cholesterolsynthesis (HMGCR, DHCR24, MSMO1, and TM7SF2), and bile acid exporter (ABCB11 and ABCC2) were increased in those with GD compared to those without GD (Fig. 3) . Results of all genes are shown in Supplementary Table 3 . Individuals using statins were excluded from the mRNA expression analysis.
Discussion
Our aim was to investigate the changes in plant sterol metabolism in relation to GD in obese individuals, taking account the effect of NAFLD and obesity surgery. First, there was no difference in liver histology between those with and without GD, suggesting that any differences between the groups in serum sterols are not related to NAFLD. Second, we found that the levels of serum sitosterol and campesterol remained low after obesity surgery in those with GD despite a significant decrease in both weight and serum plant sterols in response to surgery, as published before by our group [22] . This suggested an association of GD with low serum plant sterols independent of obesity. Furthermore, the association of low sitosterol and campesterol with GD was not explained by previous LCC known to change bile metabolism [30] . Our findings that low plant sterol levels in individuals with GD were observed both before and after obesity surgery, in those with and without previous LCC, and independent of NAFLD,supporttheconclusionthatcholesterolandplantsterolmetabolismareprimarilyalteredinGD.Theseresultsarein line with the results from Krawczyk et al. [11] who also found that serum sterols were lower in patients with GD compared to those without GD. These results also support the idea that low levelsofserumplantsterolsarerelatedtoGDitself,potentially partlyduetogeneticregulationbyABCG5/8genes [17, 19, 20, 31] .
To further investigate the role of sterol transporters in GD, we investigated the liver mRNA expression of genes regulating sterol export, cholesterol metabolism, and bile metabolism. Enhanced hepatic protein expression of ABCG5/8 has been described in individuals with GD [32] , and functional studies have demonstrated that biliary cholesterol secretion correlates with hepatic expression of ABCG5/G8 [33, 34] . Accordingly, we found an increased expression of ABCG8 in those with GD. The increased expression of genes regulating cholesterol synthesis is also in line with previous observations reporting increased cholesterol synthesis in GD [11, 35] . The increased expression of PCSK9, encoding a protein regulating LDL receptor levels, in individuals with GD could theoretically contribute to elevated cholesterol levels. Despite the increase in expressions of ABCB11 and ABCC2, we did not Table 2 Serum non-cholesterol sterols and sitostanol in participants of the Kuopio Obesity Surgery Study (KOBS) at baseline and at one-year followup divided by the presence of gallstone disease observe any association of GD with bile plant sterols, contrary to what was published before that bile plant sterols are increased in those with GD by Krawczyk et al. [11] .
Statin medication in the prevention of cardiovascular diseases and cerebrovascular events has rapidly become more common [36, 37] . The use of statin medication is based on its ability to inhibit cholesterol synthesis in liver which will diminish cholesterol concentration in bile [38] . Several studies have reported a significant reduction in the incidence of symptomatic gallstone disease in patients using statin therapy [13] . However, most human studies do not find that statin monotherapy would lead to the complete dissolution of gallstones [39] . The risk of developing symptoms or complications related to gallstones, approximately 1-4% per year [40, 41] , can be reduced by statins [42, 43] . Therefore, we adjusted all our analysis by the use of statins although the use of statins did not significantly differ between the study groups in our study (Table 1) . Thus, the associations between GD and sterol metabolism in our study cannot be explained by the use of statins.
Our study has some limitations. First, we acknowledge that heterogeneity between the individuals may exist and that our sample size was too small to study potential differences in sterol metabolism between individuals with different risk factors for GD (e.g., in men and women separately). Specifically, we acknowledge that our study is too small to properly investigate the potential modifying role of genetic ABCG5/8 variants in the association between GD and sterol metabolism. On the other hand, the strength of our analysis was that we had a detailed metabolic characterization, liver histology, and mRNA analysis as well as perioperative bile fluid samples.
In conclusion, we demonstrate that serum plant sterols are lower in individuals with GD compared to those without, independent of weight loss, NAFLD, previous LCC, and use of statins. The mechanism remains open but could be linked with potentially inherited alterations in sterol absorption in the intestines and transport in the liver in those susceptible for GD. Through these mechanism, the persistence of low serum plant sterols in patients with GD after surgery could also partially contribute to increased prevalence of gallstones after surgery. General linear model, adjusted for sex, body mass index, and use of statin medication. * P < 0.05; ** P < 0.01. Data is presented as mean ± standard deviation Fig. 3 The expression of genes related to cholesterol and bile acid metabolism in the liver of the participants of the Kuopio Obesity Surgery Study divided to those with and without gallstone disease (GD) after the obesity surgery. Independent samples T test was used for comparing the gene expression levels between study groups; * P < 0.05; ** P < 0.01; *** P < 0.0001. Data is presented as mean ± standard deviation Acknowledgments We thank Matti Laitinen, Päivi Turunen, and Leena Kaipiainen for their careful work in patient recruitment and laboratory analyses.
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